Live imaging is one of the most powerful technologies for studying the behaviors of cells and molecules in living embryos. Previously, we established a series of reporter mouse lines in which specific organelles are labeled with various fluorescent proteins. In this study, we examined the localizations of fluorescent signals during preimplantation development of these mouse lines, as well as a newly established one, by time-lapse imaging. Each organelle was specifically marked with fluorescent fusion proteins; fluorescent signals were clearly visible during the whole period of time-lapse observation, and the expression of the reporters did not affect embryonic development. We found that some organelles dramatically change their sub-cellular distributions during preimplantation stages. In addition, by crossing mouse lines carrying reporters of two distinct colors, we could simultaneously visualize two types of organelles. These results confirm that our reporter mouse lines can be valuable genetic tools for live imaging of embryonic development.
silencing over the course of multiple generations (Trichas, Begbie, & Srinivas, 2008) . To overcome these problems, we previously established a series of conditional reporter mouse lines by homologous recombination in ES cells at the ROSA26 locus Katsunuma et al., 2016; Shioi et al., 2011) , warranting a single-copy reporter transgene in the defined gene locus. Following excision of the stop sequence by the Cre recombinase, specific organelles can be visualized by monitoring green or red fluorescent proteins. In this study, we observed the behaviors of fluorescent reporter proteins during preimplantation development by live imaging of embryos obtained from these reporter mouse lines, as well as a novel Lyn-mCherry fusion protein reporter line in which the plasma membrane can be visualized.
| RESULTS

| Time-lapse observation of preimplantation development of R26 reporter mice
To observe the behaviors of fluorescent fusion proteins in preimplantation embryos from the two-cell through blastocyst stages, we used two-cell embryos from R26 reporter mouse lines that lack the neo cassette; these mice, which were generated by crossing homozygous R26R mice Katsunuma et al., 2016; http://www2. clst.riken.jp/arg/reporter_mice.html) with Ella-Cre transgenic mice (Lakso et al., 1996) , express respective fluorescent fusion proteins ubiquitously. These embryos lacked any obvious abnormalities in embryonic development, as previously reported . To closely observe subcellular structures, we used a conventional laser scanning confocal microscope (Nikon A1-Ti: Tokyo, Japan) (Figures 1 and 4; Supporting Information Figures S1, S4-S6 and Movies S1, S5).
Embryos of all reporter mouse lines were subjected to time-lapse imaging during the preimplantation stages for up to 72 hr. We cultured embryos and captured time-lapse images over the course of development using an LCV100 Olympus incubation imaging system equipped with a CSU10 spinning disc confocal system (Yokogawa) and an iXon+EMCCD camera (Andor) (Figures 2 and 3 ; Supporting Information Figures S2, S3, S7a and Movies S2-S4) or with a CV1000 spinning disc confocal imaging system (Yokogawa) equipped with an EM-CCD camera (Hamamatsu) (Supporting Information Figure S7c ).
Embryonic development was not apparently disrupted by continuous FIGURE 1 Expression of fluorescent fusion proteins from the two2-cell through blastocyst stages in a series of reporter mice. (a) H2B-EGFP, (b) H2B-mCherry, (c) Mito-EGFP, (d) Golgi-EGFP, (e) Golgi-mCherry, (f) Lyn-Venus, (g) Lyn-mCherry, (h) EGFP-Tuba, (i) hEMTB-EGFP, (j) EB1-EGFP, (k) Venus-Actin, (l) Venus-Moesin, (m) EGFP-Paxillin, and (n) ZO1-EGFP. All images are three-dimensional reconstruction images. All nuclei were stained with Hoechst 33342. White arrows in (h, i, and j) indicate midbody microtubule. The z-step size is 2.5 μm. Scale bar = 20 μm time-lapse observation; because the total cell numbers of blastocyst stage embryos (66 hr after thawing) were not significantly different between time-lapse imaged Lyn-Venus embryos (average: 38.6 cells ± 4.3), non-imaged Lyn-Venus embryos (average: 37.9 ± 2.9 cells) and wild-type embryos (average: 34.6 ± 4.6). The timing of cell division was also similar between embryos with and without transgenes (data not shown).
| Nucleus
R26-H2B-EGFP Accession (Acc.) No. CDB0238K) and R26-H2B-mCherry Acc. No Movie S2a,b). Importantly, these fluorescent signals were observed during mitosis, and segregating chromosomes were also clearly labeled.
| Mitochondria
In R26-Mito-EGFP Acc. No. CDB0251K) (Basu et al., 2008; Kawamura et al., 2005; Lee, FIGURE 2 Time-lapse images of an eight-cell R26-Golgi-EGFP/H2B-mCherry embryos. The eight-cell embryos obtained by crossing R26-Golgi-EGFP and R26-H2B-mCherry mice were subjected to time-lapse observation. Snapshot images are from time-lapse observations taken at 2-min intervals. Golgi-EGFP, H2B-mCherry, and merged images are maximum intensity projections (MIPs) compiled from Z-series images. Selected snapshots taken at 100-min intervals are shown. Time-stamps are shown on the bottom. The z-step size is 3 μm. Scale bar = 20 μm Movie S1a). In addition, the Mito-EGFP signals in this mouse line were observed at the periphery of nuclei in both epiblast and endoderm cells in E7.5 embryos, as we reported previously . as similarly observed previously in E7.5 embryos .
| Golgi apparatus
These changes in the localization of fluorescent signals were consistent with previous observations of the Golgi apparatus (Fleming & Pickering, 1985; Maro, Johnson, Pickering, & Louvard, 1985) . The intensity of Lyn-mCherry signals appeared to be lower compared to that of Lyn-Venus signals. However, when we used conventional Figure S6 ).
| Plasma membrane
| Tight junctions
R26-ZO-1-EGFP (Katsunuma et al., 2016; Acc. No. CDB0260K), a fusion of EGFP and Zonula Occludens-1 (ZO-1), was used to target fluorescent proteins to tight junctions. Signals were distributed in dotted patterns in the cytoplasm, and along the cell membrane, (Figure 1n ;
Supporting Information Figure S1n ,n 0 and Movie S2n). In particular, signals appeared to be more intense at cell-cell junctions in blastocysts (Figure 1n ; Supporting Information Figure S1n ,n 0 and Movie S1f). The ZO-1 protein accumulates at tight junctions, where it functions as a binding protein of Claudin (Itoh et al., 1999) . Tight junctions become mature by the 32-cell stage (Eckert & Fleming, 2008; Moriwaki, Tsukita, & Furuse, 2007) , and ZO-1-EGFP signals were observed at cell-cell junctions in these embryos. Perinuclear signals were also detected in blastocyst stage embryos, consistent with the localization of ZO-1 described in previous reports (Fleming, Papenbrock, Fesenko, Hausen, & Sheth, 2000; Sheth et al., 2008) . Although some signals were observed in the cytoplasm, sharp ZO-1-EGFP signals clarified the localization of ZO-1 at tight junction as previous reports. Figure S7c ).
| Dual labeling of different organelles
| Visualization of mitotic spindles and chromosomes during cell division
We performed live imaging of embryos heterozygous for R26-EGFPTuba and R26-H2B-mCherry from two-cell and on for up to 40 hr to examine the localization of fluorescent proteins in the mitotic spindle during cell division. We observed spindle formation, visualized by EGFP-Tubulin alpha, before cell division; chromosomes labeled with H2B-mCherry were separated along the spindle (Figure 3 ; Supporting Information Movie S3e).
In addition, we examined the signals of EB1-EGFP, which localized at the plus-ends of extending microtubules. In one-and two-cell Katsunuma et al., 2016; Shioi et al., 2011) . These reporter mouse lines could circumvent common problems in other transgenic reporter mice as mentioned above.
Indeed, our R26 reporter mouse lines have proven very useful for live cell imaging of not only early embryos Ichikawa et al., 2013; Kawaue et al., 2014; Ke et al., 2016; Lau et al., 2015; Namba et al., 2014; Nonomura et al., 2013; Okamoto et al., 2013; Shimozawa et al., 2013; Shioi et al., 2017) , but also several of adult tissue types and primary cultured cells obtained from these mice (Ito et al., 2018; Jin et al., 2017; Shinomura et al., 2014; Son et al., 2011; Susaki et al., 2014; Tainaka et al., 2014; Yokose et al., 2017) .
The current study also demonstrated that most of the reporter mouse lines we have examined are suitable for long-term live cell imaging from two-cell through blastocyst stages without apparent negative effects on preimplantation embryo development. The total cell number of blastocyst embryos was comparable to that of nonimaged and wild-type embryos. Cell shape and cytoskeleton were readily visualized with their dynamics successfully recorded over the course of development. In particular, without live imaging, it is generally difficult to understand the dynamics of organelle such as mitochondria and Golgi apparatus, which change localization dramatically during preimplantation stages. We could continuously observe changes in distributions of fluorescently labeled proteins localized to the mitochondria and Golgi apparatus, and their localizations patterns were consistent with the shapes and positions of these organelles in fixed embryos (Basu et al., 2008; Fleming & Pickering, 1985; Kawamura et al., 2005; Lee et al., 2011; Maro et al., 1985) . To our knowledge, this is the first report to show the changes in the localization of suggest that early mammalian embryogenesis is almost completely dependent on the egg for the initial supply of subcellular organelles and macromolecules (Li et al., 2010) , and that zygotic gene expression starts from the late one-cell stage (Hamatani, Carter, Sharov, & Ko, 2004 ).
This study also provided an example of side-by-side comparison of the performance of EGFP versus Venus as fluorescent probes. Venus tends to yield brighter signals than EGFP, but its photostability is shown to be substantially lower (Shaner, Steinbach, & Tsien, 2005) . With both types of probes, we could achieve enough fluorescent signal to perform live imaging from the two-cell through blastocyst stages. However, Venus yielded more specific membrane signals than EGFP when fused with the myristoylation signal of Lyn or the actin-binding sequence of moesin (data not shown), although identical sequences for fusion were used, prompting us to favor Venus for these probes.
In cultured mammalian cells, the Golgi apparatus undergoes extensive fragmentation during cell division and is subsequently reconstituted (Lucocq, Pryde, Berger, & Warren, 1987; Robbins & Gonatas, 1964) . However, in our experiments, we observed somewhat (Maro et al., 1985; Fleming and Pickering., 1985) . However, we could not observe the reported localization pattern of the Golgi apparatus in the basal cytoplasm from the compaction stage to the blastocyst stage.
To visualize microtubules in developing embryos, we examined three types of fluorescent proteins, hEMTB-EGFP, EGFP-Tuba, and EB1-EGFP. hEMTB-EGFP signals were more intense on apical region at the compaction stage, as described previously (Supporting Information Movie S2i; Kono, Tamashiro, & Alarcon, 2014) , possibly because the microtubule network is concentrated in the apical domain (Lechler & Fuchs, 2007) . However, this phenomenon was not observed at other stages or in EGFP-Tuba and EB1-EGFP embryos (Supporting Information Movie S2h-j). In contrast, condensing spindle microtubules at M-phase were detected in EGFP-Tuba and EB1-EGFP embryos, but not in hEMTB-EGFP embryos. In addition, midbody microtubules were detected in early stages of EGFP-Tuba and EB1-EGFP embryos but were only detected in the late stages in hEMTB-EGFP embryos. The underlying causes of these differences would be of further interest worth pursued in future studies.
We also observed fluorescent comets on the mitotic spindles in EB1-EGFP-expressing embryos during cell division (Supporting Information Movie S5). Considering the long exposure period, the shapes of these comets may reflect the speed of movement of the plus-ends of microtubules. The employed conditions failed to capture images to reconstitute completely continuous sequence of events, while imaging in shorter intervals could have resulted in phototoxicity.
Most mouse lines were suitable for live imaging using homozygous embryos, with the exception of Venus-Actin. Homozygous
Venus-Actin mice were rarely obtained after mating of heterozygous mice. Moreover, even when heterozygous female mice were mated with wild-type male mice, we could not obtain the expected number of heterozygous mice. Therefore, we only used heterozygous VenusActin embryos derived from male mice carrying the reporter gene.
This observation suggests that embryonic development was somehow impaired by maternal Venus-Actin protein accumulated in oocytes or in embryos. Given that this occurred without exposure to light, it suggests that expression of Venus-Actin per se was toxic to embryos.
Based on the observations discussed above, we conclude that most of the mouse lines that we subjected to live imaging during preimplantation development are useful for visualizing specific subcellular structures in developing embryos. In this study, we used mice that had no other gene alterations. Plausibly, the reporter mice described here can imaging. In addition, to visualize the plasma membrane, we generated a new mouse line expressing a Lyn-mCherry fusion protein, as described previously . The R26-Lyn-mCherry (Acc.
No. CDB0287K) line, which lacks the neo cassette and ubiquitously expresses the fluorescent fusion protein, was generated by crossing homozygous R26R-Lyn-mCherry (Acc. No. CDB0278K) mice with Ella-Cre transgenic mice (Lakso et al., 1996) . These mouse lines will be available to the research community (http://www2.clst.riken.
jp/arg/reporter_mice.html). All animal experiments were approved by the Institutional Animal Care and Use Committees (IACUCs) of RIKEN Kobe Branch and the National Institutes of Natural Sciences.
| Embryo culture
Homozygous and heterozygous embryos, except for pronuclear stage embryos, were prepared by in vitro fertilization (IVF) and frozen at the two-cell stage. After thawing, these embryos were cultured in KSOM medium (ARK Resource) from the two-cell stage to the blastocyst stage. Pronuclear stage embryos were freshly obtained from oviducts and immediately used for analyses.
| Live imaging of mouse embryo
Time-lapse images of embryos from two-cell through blastocyst stages were obtained with the Olympus LCV100 incubation imaging system equipped with a spinning confocal system, CSU10 (Yokogawa), and the iXon+EMCCD camera (Andor). Live images of H2B-EGFP × H2B-mCherry embryos during the one-cell stage were obtained with a spinning disc confocal imaging system CV1000 (Yokogawa). The embryos were cultured in 5% CO 2 at 37 C; a 488-nm laser was used to acquire EGFP and Venus images, and a 561-nm laser was used to acquire mCherry images. Images of embryos from the two-cell through blastocyst stages were taken every hour for up to 72 hr with 19 Z-sections at 5 μm intervals were acquired at each time point.
Image data were analyzed using the MetaMorph software (Universal Imaging Corporation). Images of Golgi-EGFP × H2B-mCherry embryos from the eight-cell through blastocyst stages and EGFP-Tuba × H2B-mCherry embryos from the two-cell through morula stages were taken every 2 min for up to 48 and 40 hr, respectively, with 19 Z-sections at 5 μm intervals acquired at each time point. Images of H2B-EGFP × H2B-mCherry embryos during the one-cell stage were taken every 10 min with 13 Z-sections at 5 μm intervals acquired at each time point. To examine the behavior of comets of microtubule plus-ends, embryos-expressing EB1-EGFP were cultured in the MIGM Incubator System for Microscopes (Tokken), and time-lapse images were acquired on the Nikon Ti-s A1 confocal microscope. Live images of embryos were taken every 4 s for up to 10 min. Image data were analyzed using the MetaMorph software.
| Observation of fine structures of embryos
To visualize nuclei, embryos were incubated with Hoechst 33342
(Invitrogen) in KSOM medium at 37 C with 5% CO 2 for 30 min without fixation. EGFP-Paxillin embryos were fixed with 4% PFA in PBS for 20 min at room temperature and then stained with rhodaminephalloidin (Invitrogen) at room temperature for 30 min to visualize factin. Golgi-mCherry embryos were fixed with 4% PFA in PBS for 20 min at room temperature, and then Golgi apparatus was stained with mouse anti GM130 antibody (1:200, BD Biosciences, 610822) and an Alexa-488-conjugated secondary antibody (1:500, Invitrogen
Co., Ltd). DAPI (nacalai tesque) was used as nuclear counterstain.
Embryos were imaged on a Nikon A1-Ti confocal microscope using a ×40/0.95 NA objective lens at the two-cell, four-cell, eight-cell, and blastocyst stages.
| Cell counting of blastocyst embryos
Total cell number of blastocyst stage embryos (66 hr after thawing) was counted following Hoechst 33342 staining and imaging using a Nikon A1-Ti confocal microscope. The averages of cell number were calculated from five embryos (39, 36, 39, 33 , and 46 cells) for the time-lapse imaged, eight embryos (40, 32, 38, 42, 38, 38, 35 , and 40 cells) for non-imaged, and five embryos (42, 31, 38, 32, and 30 cells) for wild-type, respectively.
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